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It is shown that intrinsic orbital motion of the valence quarks has large influences on
the spin-dependent as well as the spin-averaged nucleon structure functions. Its connec-
tion with the observed “very small contribution of quark spin to nucleon spin” and the
observed violation of Gottfried sum rule is discussed.
Deep inelastic lepton-hadron scattering plays a rather unique role in studying the
structure of hadron. Through measurements of the structure functions in such ex-
periments, people have learned1 that hadrons are made out of point-like constituents
— quarks. Based on the picture of the quark parton model2, a set of relations have
been derived between the structure functions and the quark distributions in the
infinite momentum frame, and a rather simple interpretation of the Bjorken vari-
able in that frame has been obtained. Parton model itself says nothing about the
forms of the structure functions but the integrals of them. It is predicted3 that
a set of sum rules should be valid. Such sum rules link the structure functions
to quantities which can be measured in other kinds of experiments such as those
associated with the static properties of the hadrons. Actually, the sum rules are the
only places where structure functions and static properties of hadrons meet each
other in the parton model and it is also the sum rules which can be checked exper-
imentally. With increasing accuracy of the measurements, large discrepancies have
been observed4,5,6,7,8 between data and theory. The two most well-known examples
are the integral of the spin-dependent structure function g1(xB) and the Gottfried
sum. It is found4−8 that both of them are much smaller than those expected in the
model. The former led4,5,6,7 to the conclusion that quark spin contributes only a
very small fraction to the nucleon spin and thus triggered the “spin crisis”. The
latter raised9 the question whether isospin-invariance is violated in the nucleon sea.
In a series of papers published recently, it has been pointed out10 that intrinsic
motion of the confined quarks plays a very important role in understanding the po-
larization phenomena in high energy collisions, and that relativistic quark models
can be constructed which reproduce baryon’s magnetic moments on the one hand,
and describe the observed11 left-right asymmetries in inclusive meson or hyperon
production in high energy processes on the other. It has been shown10 in particular
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that once we accept that quarks are spin-1/2 particles moving in a confined spatial
region, we are forced also to accept that orbital motion of such valence quarks is
always involved, even when they are in their ground states. In other words, in
relativistic quark models, intrinsic motion of the valence quarks appears simply as
orbital motion. The average orbital angular momenta of the valence quarks are
simply nonzero if the nucleon is polarized. In this connection it is also interesting
to see that orbital angular momenta of quarks were expected12 to contribute to the
proton spin by analyzing different data in the framework of the parton model and
others. We recall that intrinsic transverse motion was neglected in the formulation
of the parton model2, and now it is usually thought that transverse motion con-
tributes only to high twist effects which vanish at high Q2. We are therefore led
to the following questions: What kind of effects do such orbital motions have on
the structure functions of the nucleon? Can we understand the above mentioned
data if we take them into account? Are the above mentioned effects observed in
polarized4,5,6,7,11 and unpolarized8 experiments connected with each other? These
are questions we would like to discuss in this note. We ask in this connection also:
Should not these questions be made clear before we seek for other dynamical origins
of the above mentioned effects observed experimentally?
Since orbital motion of the valence quarks are best described in nucleon’s rest
frame, we will discuss these questions also in that frame. We consider the inclusive
process l+N → l + anything, where l stands for electron or muon, N for nucleon,
and denote the 4-momentum of N and those of the incident and the scattered l’s by
P = (M,~0), k, k′ and the 4-momentum transfer carried by the virtual photon γ∗
by q ≡ (ν, ~q) = k − k′ respectively. We study deep inelastic scattering processes in
the Bjorken limit, i.e. Q2 ≡ −q2 is very large (Q2 ≫ M2) while xB ≡ Q
2/(2Mν),
the Bjorken-x, is kept fixed. For such events, it is observed that1 Bjorken scaling
is approximately valid, and thus it is expected that the Bjorken variable xB should
play a special role in describing such events. Hence, the questions we immediately
encounter are: What does xB mean in the rest frame of the nucleon? Why is it
particularly useful in describing deep inelastic scattering events? What does the
existence of the approximate Bjorken scaling tell us about the structure of nucleon
in its rest frame? We recall that in the parton model2, one treats the problem in
the infinite momentum frame where the transverse motion of the quarks and the
interactions between them during the lepton-nucleon interaction can be neglected.
Because of this, one obtains a very simple interpretation of xB . It is simply the
fractional (longitudinal) momentum of the struck quark with respect to the nucleon
in that frame. How is the situation in nucleon’s rest frame — what is still applicable
and what is no more valid here? To answer these questions we note the following:
(i) In deep inelastic scattering, Q2 is very large. This implies a high spatial
resolution so that the interaction between the lepton and the quark is point-like. The
time interval ∆t, in which such a point-like interaction takes place, is proportional
to 1/ν. In the Bjorken limit, ∆t is much shorter than the typical time needed
for color propagation between the quarks in the nucleon. The interaction between
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the lepton and the confined quark is already over, before the latter could exchange
energy-momentum or any other quantum numbers with the neighboring quarks. In
other words, impulse approximation13 is valid for such scattering processes, also
in nucleon’ rest frame. The confining potentials determine the initial states of the
quarks but can be neglected during the lepton-quark interaction. This is to be
compared with the parton model in the infinite momentum frame, where not only
the interactions between the quarks are neglected but also the initial states of the
quarks are taken as plane waves with momenta in the same direction as the nucleon.
(ii) At large Q2 and fixed xB ≡ Q
2/(2Mν), we have, ∆ ≡ |~q | − ν ≈ Q2/(2ν),
so that
xB ≡ Q
2/(2Mν) ≈ ∆/M. (1)
This means that the virtual photon γ∗ has an energy-deficit14, and that xB is
nothing else but the energy-deficit of the virtual photon in unit of proton mass.
(iii) During the lepton-quark interaction, the virtual photon γ∗ is absorbed by
the quark inside the nucleon. The cross sections or the structure functions derived
from them are proportional to the probability for such an absorption to take place.
The absorption of γ∗ by a confined point-like quark implies that the latter
obtains, not only an enormously large amount of momentum, but also the cor-
responding energy and thus the above mentioned energy-deficit. The initial 4-
momentum p ≡ (ε, p‖, ~p⊥) of the struck quark is suddenly and drastically changed
to p′ ≡ (ε′, p′‖, ~p⊥) = p + q (where ‖ is defined wrt the direction of ~q). As a
consequence, it moves kinematically like a free particle such that a current jet (of
hadrons) can be produced. The necessary and sufficient condition for this to occur
is p′
2
= m2q, which leads
15 to ε − p‖ ≈ ∆ in the Bjorken limit. This implies that
the struck quark should have an “energy excess” and this “energy excess” approxi-
mately compensates the energy deficit ∆ of the virtual photon γ∗. In terms of xB ,
this condition is:
ε− p‖ ≈ ∆ ≈MxB . (2)
That is to say: Among all the (point-like and confined) quarks in the target nucleon,
the virtual photon may encounter various quarks in different states, but only those
which have the right “energy-excess” at the moment when they get struck contribute
to the observed current jet. The virtual photon γ∗ can have different momentum
~q and energy ν, but for the deep inelastic scattering to take place, only its energy
deficit ∆ or the quantity xB ≈ ∆/M is relevant. This shows why xB is particularly
useful in describing these events.
(iv) The cross section for deep inelastic scattering at fixed xB is therefore deter-
mined by the probability for finding quarks with “energy excess” ε−p‖ ≈ ∆ ≈ xBM
in the nucleon. It is clear that if Q2 is already large enough, i.e. the spatial res-
olution is high enough so that the point-like constituents can already be resolved,
further increasing of Q2, which means further increasing of spatial resolution, will
not see anything new. This implies that the probability for finding such quarks
should be independent of Q2 and thus the Bjorken scaling is valid in this case.
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Having seen that the qualitative features of deep inelastic scattering can indeed
also be understood without introducing the infinite momentum frame, we now study
the influence of the orbital motion of the valence quarks on the (spin-dependent as
well as spin averaged) structure functions. We treat this problem in the rest frame
of the nucleon, and recall10 the following: In this frame, the valence quark qv
can and should be described by the spherical wave which is an eigenstate of four
operators: the Hamiltonian Hˆ, the total angular momentum squared ~ˆj2, its third
component jˆz , and the parity Pˆ with eigenvalues ε, j(j +1), m and P respectively.
In momentum space, it is given by/16/,
ψ˜εjmP (~p |qv) = (−i)
ℓ
(
f˜εℓ(p|qv)Ω
jm
ℓ (θ, φ)
−ig˜εℓ′(p|qv)Ω
jm
ℓ′ (θ, φ)
)
, (3)
where P = (−1)l, j = l ± 1/2 and l′ = l ± 1. Here, as well as in the following,
p, when used as argument in f˜ or g˜, stands for |~p |. We see clearly that orbital
motion is always involved even if the quark qv is in its ground state ψ˜εjmP where
ε = ε0, j = 1/2,m = ±1/2 and P = + (i.e. l = 0, l
′ = 1). Hence, we consider, as
the first step, the following demonstrating example: We assume that the valence
quarks can be treated, just like that in the quark parton model, as free but they are
in the above mentioned eigenstates of Hˆ , ~ˆj2, jˆz and Pˆ . The two radial functions
f˜ and g˜ are determined by the Dirac equation for free particle. We calculate the
contribution of one of such quarks, qv, to the structure functions of the nucleon,
and compare the results with those obtained in the parton model. We recall that
the S-matrix element for the elementary process e−qv → e
−qv is given by,
Se
−qv
fi = −i
∫
d4x
∫
d4y
{[
−eΨ
(e)†
f (x)γαΨ
(e)
i (x)
]
× DF (x− y)
[
eeqvΨ
(qv)†
f (y)γ
αΨ
(qv)
i (y)
]}
. (4)
Here DF (x − y) =
∫
d4q(−1/q2)e−iq(x−y)/(2π)4 is the photon propagator, the Ψ’s
are the initial and the final (denoted by the subscripts i and f respectively) state
wave functions for the electron and the quark [denoted by the superscripts (e) and
(qv) respectively] in coordinate space. They are chosen as follows: The initial and
final states for the electron are plane waves with 4-momentum k and k′ respectively.
The final state for the quark is plane wave with 4-momentum p′ but the initial state
is the spherical wave given by Eq.(3). We insert them into Eq.(4) and obtain the
contribution of this elementary process to the hadronic tensor Wαβ(P, S; q) (where
S stands for the polarization of the nucleon). Its contribution to the structure
functions can then be calculated in a straight forward manner. The results obtained
in the Bjorken limit for a qv in its ground state ψ˜ε0 12 m + are given by,
F2(qv)(xB |m) ≈
MxBe
2
qv
2
∫
p⊥dp⊥
[
f˜200(p|qv) + g˜
2
01(p|qv) +
2 cos θf˜00(p|qv)g˜01(p|qv)
]
; (5)
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g1(qv)(xB |m) ≈ m
Me2qv
2
∫
p⊥dp⊥
[
f˜200(p|qv) + (1 − 2 sin
2 θ)g˜201(p|qv) +
2 cos θf˜00(p|qv)g˜01(p|qv)
]
; (6)
g2(qv)(xB |m) ≈ m
Me2qv
2
∫
p⊥dp⊥
[
(1− 3 cos2 θ)g˜201(p|qv)−
2 cos θf˜00(p|qv)g˜01(p|qv)
]
, (7)
and F1(qv)(xB|m) ≈ F2(qv)(xB |m)/(2xB). Here f˜00(p|qv) ≡ f˜εℓ(p|qv) for ε = ε0, ℓ =
0 and g˜01(p|qv) ≡ g˜εℓ′(p|qv) for ε = ε0, ℓ
′ = 1; cos θ ≡ p‖/p, and p‖ ≈ ε0 −MxB .
The integration over p⊥ is carried in the region as given in [15].
These results are interesting since they show in particular the following:
(A) From Eq.(5), we see: F2(qv)(xB |m) contains not only terms proportional to
the quark density |ψ˜(~p )|2 ∝ f˜200(p)+g˜
2
01(p) but also the “mixed term” cos θf˜00(p)g˜01(p).
Hence, the nucleon structure function F2 is not just proportional to the number den-
sities of quarks in the nucleon. This is essentially different from that in the quark
parton model.
(B) For g1(qv)(xB |m), the integrand contains, besides terms like |ψ˜(~p )|
2 and
the “mixed term”, an additional term −2 sin2 θg˜201(p) which is negative in sign
and is proportional to g˜201(p). This is expected because g˜
2
01(p) comes from the lower
component of ψ˜ and such a component corresponds to l′ = 1. Its contribution to the
spin-dependent structure functions should be different from the upper component
which corresponds to l = 0. It should be emphasized that, in contrast to the usual
expectations, neither of these terms vanishes even in the limit Q2 →∞.
(C) Since xB ≈ (ε0 − p‖)/M , the interval 0 ≤ xB ≤ 1 corresponds to ε0 ≥
p‖ ≥ (ε0 −M). This is in general not necessary the entire physical region for the
momenta of the bound valence quarks. Hence, the integral over this range is not
the sum over all possible states of the bound quarks! In particular, by integrating
F2(qv)(xB |m)/xB over xB from zero to unity, we do not get e
2
qv but a number which
is in general less than it. It tends to e2qv in the static limit, where we have |p‖| ≪M .
This means, sum rules such as those in the parton model are in general not valid
here. The results of such integrals should be, in most of the cases, less than those
expected in the parton model. This implies, e.g., the Gottfried sum3, which is the
integral of [F p2 (xB) − F
n
2 (xB)]/xB, should be less than 1/3. It is 1/3 only in the
static limit17. But, in this limit, the integrand, namely the structure functions, will
have the form of a Delta-function — a distribution which contradicts the existing
data1,8,18,19,20.
(D) Not only because of the facts pointed out in (C) but also due to the presence
of the term −2 sin2 θg˜201(p), the integration of g
p
1(qv)
(xB), and thus that of g
p
1(xB)
over xB from zero to one is expected to be much smaller than that expected in the
quark parton model. This is consistent with the experimental observations4−8.
(E) Similar discussions as those given in (C) and (D) show that, strictly speaking,
just as Gottfried sum rule, Bjorken sum rule3 should also be violated. However, if
we compare these two sum rules, we see the following difference: While both sides
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of Bjorken sum rule depend on the radial wave functions21, the rhs of Gottfried sum
rule does not. Hence, in the relativistic case, both sides of Bjorken sum rule and
the lhs of Gottfried sum rule should be much smaller than their counterparts in the
static limit, while the rhs of Gottfried sum rule remains the same. Since these sum
rules are valid in the static limit, this implies a strong violation of Gottfried sum
rule, but only a weak violation of Bjorken sum rule in the relativistic models. The
latter can even be approximately valid for some particular choices of f˜00 and g˜01.
Also this is consistent with the data5,6.
Encouraged by these agreements, we consider a valence quark in the mean field
caused by the other constituents of the nucleon. We take the mean field as central
and describe the valence quark by the spherical wave given by Eq.(3) in this central
field. The calculations of the contributions of these valence quarks to the structure
of the nucleon can be carried out in exactly the same way as above. For one quark,
the results have exactly the same form as those given in Eqs.(5)—(7). The only
difference is that now the radial functions f˜ and g˜ are solutions of the Dirac equation
with given potentials. To see how the quantitative results from the conventional
simplest potentials are compared to data, we considered a simple spherical potential
well, i.e. US(r) = 0, UV = −0.3M for 0 ≤ r ≤ R but US(r) = ∞ for r > R, and
obtained the contribution of a valence quark to the structure functions from Eqs.
(5) – (7). The contributions of all the valence quarks are then obtained by summing
over all of them, i.e.
F2(xB) =
∑
qv ,m
ρ0(m; qv| →)F2(qv)(xB |m), (8)
g1,2(xB) =
∑
qv ,m
ρ0(m; qv| →)g1,2(qv)(xB |m). (9)
Here, ρ0(m, qv| →) is the average number of valence quarks in the state ψ˜ε0 12 m +
in the nucleon which is polarized in z-direction, it is determined10 by the nucleon
wave function. We calculated first F p2 (xB)−F
n
2 (xB), which is of particular interest,
not only because it is nothing else but the integrand of the Gottfried sum, but also
because it contains only valence quark contributions provided that isospin invariance
is not violated in the quark-antiquark sea. The result is shown in Fig.1. The same
solutions have also been used to calculate gp1(xB) and g
p
2(xB). The results are shown
in Figs.2 and 3 respectively.
It should be emphasized in this connection that our purpose here is to investigate
the influences of the intrinsic orbital motion of valence quarks on the structure
functions of nucleon. No attempt has yet been made to get a better fit to the
data by making a more suitable choice of parameters for the confining potentials,
although such a procedure is clearly possible. (We give therefore also no quantitative
predictions for the integrals of the structure functions since such quantitative results
depend very much on the explicit forms of the confining potentials.) No difference
between the effective potentials for u- and d-valence quarks in the nucleon has
been taken into account yet. We get therefore gn1 (xB) = g
n
2 (xB) = 0. This shows
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Fig. 1. The difference F p
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(xB) as function of xB. The curve is the result of Eqs.(8)
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text with R = 1.23 fm for both u and d. Data are taken from [8,18,19] and [20]. (Only statistical
errors are shown.)
-0.05
0
0.05
0.1
10
-2
10
-1
1
xB
x
B
g 1
p (x
B
)
SLAC (2<Q2<20 GeV2)
EMC  (7<Q2<170 GeV2)
SMC  (Q2=10 GeV2)
Fig. 2. The spin-dependent structure function xBg
p
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result of Eqs.(9) and (6) by using the same sets of f00(p|qv) and g01(p|qv) as those in Fig.1. The
data are taken from Refs.[4,6,7,22] and [23]. (Only statistical errors are shown.)
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used in Figs.1 and 2. The data are taken from [7]. (Only statistical errors are shown.)
that the magnitudes of these two structure functions should be much smaller than
those of their counterparts for the proton (i.e. gp1 and g
p
2), which is consistent with
the recent experimental findings. Non-zero values of gn1 and g
n
2 may for example
originate from the existence24 of the differences between the wave functions of u-
and d-quarks and/or other effects, which are not discussed here.
In summary, together with illustrative examples, we have explicitly demon-
strated that the intrinsic orbital motion of the valence quarks can have profound
influence on the structure functions of the nucleon. The obtained result shows that
the violation of the sum rules derived in the parton model is in fact not surprising
and that the conventional interpretation of the nucleon structure functions may not
be the most useful one. This is particularly obvious in connection with the spin
structure of the nucleon.
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